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Available online 13 November 2016This study investigated the effect of salicylic acid (SA) and sodium nitroprusside (SNP; NO
donor) on nickel (Ni) toxicity in germinating finger millet seedlings. Fourteen-day-old finger
millet plants were subjected to 0.5 mmol L−1 Ni overload and treated with 0.2 mmol L−1
salicylic acid and 0.2 mmol L−1 sodium nitroprusside to lessen the toxic effect of Ni.
The Ni overload led to high accumulation in the roots of growing plants compared
to shoots, causing oxidative stress. It further reduced root and shoot length, dry mass,
total chlorophyll, and mineral content. Exogenous addition of either 0.2 mmol L−1 SA or
0.2 mmol L−1 SNP reduced the toxic effect of Ni, and supplementation with both SA and
SNP significantly reduced the toxic effect of Ni and increased root and shoot length,
chlorophyll content, dry mass, and mineral concentration in Ni-treated plants. The results
show that oxidative stress can be triggered in finger millet plants by Ni stress by induction
of lipoxygenase activity, increase in levels of proline, O2•− radical, MDA, and H2O2, and
reduction in the activity of antioxidant enzymes such as CAT, SOD, and APX in shoots
and roots. Exogenous application of SA or SNP, specifically the combination of SA + SNP,
protects finger millet plants from oxidative stress observed under Ni treatment.
© 2016 Crop Science Society of China and Institute of Crop Science, CAAS. Production and







Degradation of agricultural soils due to heavy metal toxins
results from long application of excessive fertilizer, sewage
sludge, furnace dust, industrial waste, and inappropriate farm-
ing techniques [1,2]. Heavy metals such as Cd, Cu, Zn, Ni, Co, Cr,ium nitroprusside; Ni, Ni
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plants, and aquatic environments. In plant tissues, Ni is
present in minute amounts, at concentrations ranging from
0.01 to 5.00 mg kg−1 dry weight [4]. A very low concentration
of Ni is essential for the growth of plants such as wheat
(Triticum aestivum L.), cotton (Gossypium hirsutum L.), tomato
(Solanum lycopersicon L.), potato (Solanum tuberosum L.), and
other plant species [4,5]. It is also essential for crop yield
and provides resistance against some diseases, particularly
rust diseases [6,7]. Ni is a key element in urease and is also
a constituent of several metalloenzymes such as superoxide
dismutase (SOD, EC1.15.1.1), Ni-Fe hydrogenase, methyl-
coenzyme M reductase, carbon monoxide dehydrogenase,
acetyl coenzyme-A synthase, hydrogenase, and RNase-A [8].
Ni deficiency in plants affects urea metabolism, leading to
leaf browning; reduces the scavenging activity of superoxide
free radicals; and disturbs nitrogen assimilation and amino
acid metabolism [9].
Ni is readily absorbed by plants from soil and nutrient
solutions. As a result of anthropogenic activity, high levels
of Ni may be observed in plant tissues, causing Ni toxicity.
The symptoms of Ni toxicity in plants commonly include
reduced seed germination, growth, photosynthesis, and sugar
transport; increased chlorosis, necrosis, and wilting; and dis-
ruption of metabolic processes [10].
Production of reactive oxygen species (ROS) in abundance
is a response of plants to several stress factors. An antioxida-
tive system that comprises antioxidative enzymes and
nonenzymatic low-molecular mass antioxidants is required
to maintain the balance between generation and degradation
of ROS in plants. Many studies have found a decrease in
activity of antioxidant enzymes under metal stress [11,12].
Proline is one of themetabolites most commonly generated in
plant tissues under stress conditions [13].
Salicylic acid (SA) not only is a signaling molecule in
plants, but also increases plant tolerance to biotic and abiotic
stresses [14]. Several physiological and biochemical activities
in plants are affected by exogenous application of SA and
salicylates infers the crucial role of these compounds in
plants [15–18]. Increased oxidative stress in the membranes
of rice (Oryza sativa L.) leaves was observed as a response to
increased levels of ROS under heavy metal stress, and was
alleviated by exogenous application of SA to rice plants [19].
In plants, nitric oxide (NO) is an essential signaling mole-
cule playing a crucial part in many intracellular and physio-
logical processes [20]. Exogenous supplementation with NO
as sodium nitroprusside (SNP) has enhanced tolerance of
plants towards heavy metals [21] and salinity [22]. Antioxida-
tive enzymatic systems such as SOD, ascorbate peroxidases
(APX), glutathione reductase (GR), dehydroascorbate reduc-
tase (DHAR), glutathione peroxidase (GPX), and catalase (CAT)
are upregulated byNO. It also triggers redox-regulated, defense-
related gene expression directly or indirectly to establish plant
stress tolerance [23].
High sensitivity to Ni toxicity has been reported in cereals
[24]; however, the osmotic adjustment system and capacity
to restore the damage caused internally by metal-induced
oxidative stress has been little studied in cereals. Finger millet
(Eleusine coracana L.) is one of the ancient millets in India
and Africa, grown since primitive times (2300 BC). The presentPlease cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop Journalstudy was performed to investigate the effect of exogenous
application of SA and SNP on germinating finger millet
seedlings under Ni stress and also the response of antioxida-
tive enzyme systems under metal stress to SA and SNP.2. Materials and methods
2.1. Plant material
Finger millet seeds (Sri Chaitanya VR-847) were procured from
the agricultural research station at Vizianagaram, Andhra
Pradesh, India. Seeds were surface-sterilized using sodium
hypochlorite (0.1%, w/v) as disinfectant for 10 min and then
washed three times with sterile distilled water. They were
soaked in sterile distilled water for 12 h at room temperature
and were allowed to germinate in sterile Petri plates on
wet filter paper at 25 °C for three days. After germination,
seedlings of uniform size were transferred to polyethylene
pots filled with half-strength Hoagland's hydroponic nutrient
solution (Hi media, Mumbai) [25], and were grown in a
controlled room at 25 °C under a 16-h photoperiod with an
irradiance of 175 μmol m−2 s−1 for seven days. Each experi-
ment employed three replications and mean values for all
the parameters such as dry mass, chlorophyll and proline
content, lipoxygenase (LOX) activity levels, lipid peroxidation
and O2•− generation rate were obtained. On average, five plants
were taken for quantification of each parameter by simple
random sampling.
2.2. Nickel treatment and experimental design
To estimate toxic levels of Ni, preliminary experiments were
performed on finger millet seedlings with various Ni concen-
trations. The concentrations were 0.01, 0.05, 0.10, 0.20, and
0.50 mol L−1. Preliminary results for root and shoot length, dry
mass, and chlorophyll content indicated that treatment with
0.5 mol L−1 Ni showed more toxicity than the other concen-
trations (Table S1). Accordingly, the concentration of
0.5 mol L−1 Ni was chosen for subsequent experiments.
Concentrations of 0.2 mol L−1 SA and SNP were selected
based on earlier reported data.
Seven-day-old seedlings with uniform size and health were
selected and transferred from the half-strength Hoagland
nutrient solution to polyethylene pots filled with full-strength
Hoagland's hydroponic nutrient solution having pH 6.5. Poly-
ethylene pots with full-strength Hoagland nutrient solution
either with or without 0.2 mmol L−1 SA or 0.2 mmol L−1 SNP or
SA + SNPwere treated as control plants. Polyethylene pots with
full-strength Hoagland nutrient solution supplemented with
nickel chloride (NiCl2·6H2O) at a concentration of 0.5 mmol L−1
either with or without 0.25 mmol L−1 SA, 0.25 mmol L−1 SNP,
or SA + SNP were treated as test plant samples. Nutrient solu-
tionswere replaced every three days and pHwas adjusted to 6.5
with 10.0 mmol L−1 NaOH. Plants were grown at 25 °Cwith 16 h
photoperiod and irradiance of 175 μmol m−2 s−1 for 14 days.
Plants were harvested at the 14-day-old stage and shoots and
roots were separated and repeatedly washed with distilled
water. For enzyme determination, fresh plant material was
frozen in liquid nitrogen and stored at −70 °C until further use.kel toxicity in finger millet (Eleusine coracana L.) germinating
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Roots and shoots of finger millet plants were washed with tap
water two to three times, rinsed twice with distilled water,
and gently blotted dry with a paper towel, and fresh leaves
were weighed. The samples were then oven-dried at 70 °C
to constant dry weight. Dry mass of samples was calculated
using the formula dry mass = [(fresh weight − dry weight)/dry
weight] × 100%.
Total chlorophyll content in the shoots was estimated
using the method of Aron [26]. About 0.5 g of fresh shoot
material was homogenized in a pre-cooled mortar with
80% (v/v) acetone. The extract was centrifuged at 3000×g
for 15 min and made to 25 mL with 80% (v/v) acetone. The
amount of total chlorophyll was determined spectrophoto-
metrically (Shimadzu UV–VIS spectrophotometer, Japan) from
the absorbance at 665, 645, and 470 nm. The chlorophyll
content was expressed as milligrams per gram fresh weight
(mg g−1 FW).
2.4. Measurements of biochemical indicators
2.4.1. Determination of O2•− generation rate
For determining the O2•− generation rate, an earlier reported
method was followed [27]. One gram of fresh root and shoot
samples was ground in liquid N2 and then extracted with
5 mL of ice-cold 50 mmol L−1 sodium phosphate buffer
(pH 7.0). The O2•− generation rate was estimated by monitoring
the A530 of the product of hydroxylamine reaction. A volume
of 1 mL supernatant of the fresh root and shoot extract
was added to 0.9 mL of 65 mmol L−1 phosphate buffer solu-
tion (pH 7.8) and 0.1 mL of 10 mmol L−1 hydroxylammonium
chloride. The reaction mixture was incubated at 25 °C for
35 min. An aliquot of 0.5 mL from the reaction mixture was
then added to 0.5 mL of 17 mmol L−1 sulfonic acid and 0.5 mL
of 7.8 mmol L−1 α-naphthylamine solution. After the reaction
proceeded for 20 min, 2 mL of ether was added to the solution
and mixed well. The solution was centrifuged at 2000×g at
4 °C for 5 min. The absorbance of the pink supernatant
was measured at 530 nm. Absorbance values were calibrated
using a standard curve generated with known concentrations
of HNO2.
2.4.2. Proline determination
Proline content was estimated according to the method of
Bates et al. [28]. Shoots and root samples (0.5 g each) were
homogenized with 10 mL of 3% aqueous sulfosalicylic acid
and the homogenate was centrifuged at 10,000×g for 10 min,
after which 2 mL of supernatant was mixed with 2 mL of
glacial acetic acid and 2 mL of acid ninhydrin for 1 h at 100 °C.
The color compound developed was extracted into 4 mL
toluene and measured colorimetrically at 520 nm against
toluene. A standard curve with L-proline was used for the
final calculations. Proline content was expressed as μmol g−1
FW.
2.4.3. LOX activity
Plant samples (shoot and roots, 0.5 g) were ground to fine
powder and suspended in 50 mmol L−1 phosphate buffer at
pH 6.4 containing 1 mmol L−1 phenylmethylsulfonyl fluoride.Please cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop JournalThe homogenate was centrifuged at 12,000×g for 10 min at
4 °C. The resulting supernatant was assayed for LOX activity
at 25 °C by monitoring the increase in absorbance at 234 nm
over a period of time [29].
2.4.4. Lipid peroxidation
The rates of lipid peroxidation levels in the shoot and root
samples were determined by the method of Heath and Packer
[30] by measuring malondialdehyde (MDA), a major thiobar-
bituric acid-reactive species and a product of lipid peroxida-
tion. Plant samples (0.5 g) were ground withmortar and pestle
in 20% trichloroacetic acid (TCA) and then centrifuged at
10,000×g for 10 min at room temperature, after which 1.0 mL
of supernatant was added to 4 mL of 20% TBA–TCA solution.
This mixture was heated at 95 °C for 30 min. Absorbance was
measured at 532 nm and corrected for nonspecific turbidity
by subtraction of the value at 600 nm. The blank contained
20% TBA–TCA solution. MDA content was calculated using
an extinction coefficient of 155 L mmol−1 cm−1 and the results
were expressed as nmol MDA g−1 FW.
2.4.5. Hydrogen peroxide (H2O2) quantification
For determination of H2O2 concentration, 0.5 g of plant
samples were homogenized in 0.5 mL of 0.1% (w/v) TCA and
centrifuged at 15,000×g for 15 min at 4 °C [31]. An aliquot
(0.5 mL) of supernatant was added to 0.5 mL of phosphate
buffer (pH 7.0) and 1 mL of 1 mol L−1 KI. The absorbance of
the supernatant was measured at 390 nm. H2O2 was quanti-
fied against a calibration curve using solutions with known
H2O2 concentrations and results were expressed as μmol
H2O2 g−1 FW.
2.4.6. Enzyme extraction and assay of enzyme activity
Plant samples (shoot and roots) of 2 g were homogenized with
50 mmol L−1 potassium phosphate buffer (pH 6.4) containing
1 mmol L−1 EDTA and 2% (w/v) polyvinylpolypyrrolidone.
The whole extraction procedure was performed at 4 °C.
Homogenates were then centrifuged at 15,000×g for 30 min
at 4 °C and supernatants were used for determination of
enzyme activity. Protein concentration was determined by
the method of Bradford [32] using bovine serum albumin as a
standard.
Catalase (CAT, EC 1.11.1.6) activity was assayed according
to the method of Cakmak and Marschner [33], by measuring
the initial rate of disappearance of H2O2. The reaction mixture
contained 0.1 ml of 50 mmol L−1 sodium phosphate buffer
(pH 7.6), 0.1 mL of 0.1 mmol L−1 EDTA, 0.1 mL of 100 mmol L−1
H2O2 and 0.7 mL of enzyme aliquot. The decrease in H2O2
was measured as a decline in optical density at 240 nm, and
activity was calculated as μmol H2O2 consumed per minute.
Ascorbate peroxidase (APX, EC 1.11.1.11) activity was
assayed following the method of Nakano and Asada [34].
The reaction mixture contained 50 mmol L−1 sodium phos-
phate buffer (pH 7.0), 0.5 mmol L−1 ascorbate, 0.1 mmol L−1
EDTA·Na2, 1.2 mmol L−1 H2O2, and 0.1 mL enzyme extract in a
final volume of 1 mL. Ascorbate oxidation was measured at
290 nm. The concentration of oxidized ascorbate was calculat-
ed using an extinction coefficient of ε = 2.8 L mmol−1 cm−1. One
unit of APX was defined as 1 mmol mL−1 ascorbate oxidized
per minute.kel toxicity in finger millet (Eleusine coracana L.) germinating
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method of Beauchamp and Fridovich [35], using the inhibi-
tion of photochemical reduction of nitro-blue tetrazolium
(NBT) at 560 nm. The reactionmixture contained 33 μmol L−1
NBT, 10 mmol L−1 L-methionine, 0.66 mmol L−1 EDTA·Na2,
and 0.0033 mmol L−1 riboflavin in 50 mmol L−1 sodium phos-
phate buffer (pH 7.8). The reaction was initiated by final
addition of 0.0440 g mL−1 riboflavin and the mixtures were
shaken and held for 10 min under 300 mol m−2 s−1 irradiance
at room temperature. The reaction mixture without enzyme
developed maximum color due to a maximum reduction of
NBT. A nonirradiated reaction mixture did not develop color
and served as control. The reduction of NBT was inversely
proportional to SODactivity. Oneunit of SODwasdefined as the
amount of enzyme that inhibits 50% NBT photo reduction.
2.5. Determination of Ni2+, Mg2+, Fe2+, and Zn2+
concentrations
The dried root and shoot samples (0.5 g) were ground and
ashed in HNO3 and HClO4 solution (3:1; v/v) [20]. Concentra-
tion of nickel (Ni2+), magnesium (Mg2+), ferrous (Fe2+) and zinc
(Zn2+) ions were determined by atomic absorption spectro-
photometry (Shimadzu AA-6300, Japan) [36].
2.6. Statistical analysis
Each experiment employed three replications. All data are
presented as means ± standard deviations (SDs). Treatment
means were further compared by one-way analysis of vari-
ance using SPSS statistical software version 20.0 (SPSS Inc.,
IL, USA). Significant differences between the control and the
treated samples were analyzed by Tukey's test at the 0.05
probability level.3. Results
3.1. Plant growth and dry mass
Exposure of fingermillet seedlings to 0.5 mmol L−1 Ni resulted
in a marked decrease in length of roots and shoots by 37.4%
and 14.6% compared to the control samples (Table 1). A
comparative decrease in the toxic effects of Ni was observedTable 1 – Effect of exogenous SA, SNP and SA + SNP on total leng





Control 67.64 ± 0.45 c 45.31 ± 0.48 a
SA 69.17 ± 0.32 ab 45.67 ± 0.36 b
SNP 67.93 ± 0.28 bc 45.24 ± 0.16 b
SA + SNP 69.45 ± 0.25 a 48.36 ± 0.19 a
Ni 42.33 ± 0.71 f 38.68 ± 0.31 f
Ni + SA 60.85 ± 1.32 e 42.43 ± 0.38 d
Ni + SNP 60.56 ± 0.50 e 41.57 ± 0.31 e
Ni + SA + SNP 62.31 ± 0.28 d 44.49 ± 0.31 c
Concentrations of SA, SNP, and Ni were 0.2, 0.2, and 0.5 mmol L−1, resp
letters following them indicate significant difference among treatments
Please cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop Journalwhen 0.2 mmol L−1 SA or 0.2 mmol L−1 SNP was added to the
nutrient medium, but the mixture of SA + SNP significantly
decreased the toxicity of Ni. Treatment with SA, SNP, and
SA + SNP, respectively, increased root length by 43.8%, 43.1%,
and 47.2% and shoot length by 9.4%, 7.5%, and 15% under
stress conditions.
A marked change was observed in dry mass of roots and
shoots of plants exposed to Ni stress; dry mass was reduced
by 66.1% in roots and 40.5% in shoots compared to controls
(Table 1). An increase in dry mass by 43.8%, 36.0%, and 46.2%
in roots and by 28.3%, 22.2%, and 35.1% in shoots due to
the application of SA, SNP, and SA + SNP under Ni stress,
respectively, was observed. These results clearly indicate that
the toxic effect of Ni on plants was significantly mitigated
by either 0.2 mmol L−1 SA or 0.2 mmol L−1 SNP; however,
the combination of SA + SNP led to greater alleviation of Ni
toxicity. All the treated samples showed a significance value
of P < 0.05 compared to the controls.
3.2. Determination of Ni, total chlorophyll, and mineral
contents
Higher Ni accumulation was observed in roots (13.640 mg g−1
DW) than shoots (2.754 mg g−1 FW) when plants were exposed
to high Ni concentration. Ni accumulation lower in roots
than in shoots in the presence of exogenous SA or SNP, and a
significant decrease in shoots relative to roots was observed
as the combined effect of SA + SNP (Table 2). There was a 9.8%
decrease in Ni accumulation in roots and 43.0% in shoots by
the synergistic effect of SA + SNP application. All the treated
samples had a P-value of P < 0.05 compared to the controls.
Total chlorophyll content did not change in control finger
millet shoots, whereas in shoots exposed to Ni stress, it
was significantly reduced up to 48.55% compared to control
shoots. Exogenous application of SA and SNP increased the
total chlorophyll content by 43.75% and 41.92%, respectively,
and the combination of SA + SNP significantly raised the total
chlorophyll content by 47.42% in shoots and reduced chlorosis
under Ni stress (Table 2). All the treated samples had a sig-
nificance value of P < 0.05 compared to the controls.
Ni toxicity significantly affected the concentrations of ions
such as Mg2+, Fe2+, and Zn2+ in treated plants relative to
controls. Concentrations of Mg2+, Fe2+, and Zn2+ were reduced
by 32.6%, 40.4%, and 38.0%, respectively, in Ni-treated shoots,th (mm) and drymass (mg plant−1) in fingermillet roots and
Dry mass of roots
(mg plant−1)
Dry mass of shoots
(mg plant−1)
37.76 ± 0.68 bc 29.55 ± 0.37 c
38.41 ± 0.53 b 30.77 ± 0.28 ab
37.52 ± 0.40 c 30.28 ± 0.25 b
39.66 ± 0.36 a 31.43 ± 0.32 a
12.79 ± 0.25 g 17.57 ± 0.49 g
18.40 ± 0.33 e 22.55 ± 0.37 e
17.39 ± 0.28 f 21.47 ± 0.31 f
23.79 ± 0.31 d 23.56 + 0.35 d
ectively. Values are the mean ± SD of three replicates, and different
at P < 0.05 according to Tukey's test.
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Table 2 – Effect of exogenous SA, SNP and SA + SNP on Ni
content in roots and shoots and total chlorophyll content











Control 0.0042 ± 0.0010 c 0.0022 ± 0.0009 d 1.664 ± 0.08 ab
SA 0.0048 ± 0.0008 c 0.0026 ± 0.0008 d 1.732 ± 0.03 a
SNP 0.0044 ± 0.0010 c 0.0030 ± 0.0008 d 1.736 ± 0.03 a
SA + SNP 0.0058 ± 0.0009 c 0.0024 ± 0.0009 d 1.754 ± 0.03 a
Ni 13.64 ± 0.21 a 2.754 ± 0.03 a 0.856 ± 0.06 d
Ni + SA 13.42 ± 0.24 a 1.728 ± 0.06 bc 1.522 ± 0.04 c
Ni + SNP 13.32 ± 0.22 a 1.828 ± 0.06 b 1.474 ± 0.06 c
Ni + SA + SNP 12.43 ± 0.22 b 1.572 ± 0.07 c 1.628 ± 0.03 b
Concentrations of SA, SNP, and Ni were 0.2, 0.2, and 0.5 mmol L−1,
respectively. Values are mean ± SD of three replicates, and
different letters following them indicate significant difference
among treatments at P < 0.05 according to Tukey's test.
Table 4 – Effect of exogenous SA, SNP and SA + SNP on O2•−
generation rate (μmol g−1 min−1 FW) in finger millet roots
and shoots under 0.5 mmol L−1 Ni treatment.
Treatment O2•− generation
in root
(μmol g−1 min−1 FW)
O2•− generation
in shoot
(μmol g−1 min−1 FW)
Control 2.8614 ± 0.11 d 2.01 ± 0.05 e
SA 3.11 ± 0.09 cd 2.41 ± 0.05 d
SNP 3.15 ± 0.04 cd 2.78 ± 0.06 c
SA + SNP 3.05 ± 0.05 cd 2.16 ± 0.05 de
Ni 6.67 ± 0.20 a 5.80 ± 0.23 a
Ni + SA 4.10 ± 0.03 b 3.19 ± 0.15 b
Ni + SNP 4.27 ± 0.26 b 3.05 ± 0.12 bc
Ni + SA + SNP 3.33 ± 0.25 c 2.21 ± 0.18 de
Concentrations of SA, SNP, and Ni were 0.2, 0.2, and 0.5 mmol L−1,
respectively. Values are the mean ± SD of three replicates, and
different letters following them indicate significant difference
among treatments at P < 0.05 according to Tukey's test.
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compared to the control samples. The exogenous application
of SA alone increased the concentrations of Mg2+, Fe2+, and
Zn2+ in shoots by 21.7%, 30.2%, and 37.4%, respectively, and in
roots by 48.7%, 21.7%, and 31.9%, respectively, in Ni-treated
plants. The exogenous application of SNP increased the
concentration of Mg2+, Fe2+ and Zn2+ in shoots by 19.3%,
37.8%, and 18.6%, respectively, and in roots by 32.1%, 29.1%,
and 22.0%, respectively, in Ni-treated plants. The combination
of SA + SNP showed significant effect on Mg2+, Fe2+ and Zn2+
in treated shoot and root samples. In shoots, the concentra-
tion of Mg2+, Fe2+, and Zn2+ increased by 27.5%, 51.5%, and
42.1%, respectively, and in roots by 62.7%, 53.1%, and 56.7%,
respectively (Table 3). All the treated samples had a signifi-
cance value of P < 0.05 compared to the controls.
3.3. Determination of O2•− generation and H2O2 content
Compared to control shoots and roots, O2•− generation rate
was higher in Ni-treated shoots and roots under toxic levels of
Ni. O2•− generation rate in roots increased by 133.2% and in
shoots by 188.7%. However, exogenous application of either
SA or SNP led to a decrease in O2•− generation rate, which wasTable 3 – Effect of exogenous SA, SNP and SA + SNP on minera
under 0.5 mmol L−1 Ni treatment.
Treatment Shoot
Mg2+ content Fe2+ content Zn2+ con
Control 118.04 ± 0.82 b 2.67 ± 0.18 bc 1.75 ± 0.1
SA 120.94 ± 0.50 a 2.78 ± 0.21 b 1.84 ± 0.1
SNP 118.91 ± 0.35 b 2.77 ± 0.16 b 1.63 ± 0.1
SA + SNP 121.81 ± 0.13 a 3.17 ± 0.05 a 1.88 ± 0.0
Ni 79.46 ± 0.45 f 1.59 ± 0.19 f 1.07 ± 0.1
Ni + SA 96.73 ± 0.25 d 2.07 ± 0.08 e 1.47 ± 0.0
Ni + SNP 94.81 ± 0.47 e 2.19 ± 0.09 de 1.27 ± 0.1
Ni + SA + SNP 101.29 ± 0.60 c 2.41 ± 0.10 cd 1.52 ± 0.0
Concentrations of SA, SNP, and Ni were 0.2, 0.2, and 0.5 mmol L−1, respec
following them indicate significant difference among treatments at P < 0
Please cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop Journalenhanced by the combination of SA + SNP. The application
of SA, SNP and SA + SNP led to respective decreases in O2•−
generation rate of 45.0%, 47.3%, and 61.8%, respectively, in
shoots and 38.5%, 36.0%, and 50.0%, respectively, in roots,
under Ni stress (Table 4). All the treated samples had a
significance value of P < 0.05 compared to the controls.
Ni stress caused significant increase of H2O2 content in
shoots and roots by 180.0% and 156.0% compared to the control
samples. Exogenous application of SA, SNP and SA + SNP
reduced H2O2 content by 34.8%, 32.6%, and 48.7%, respectively,
in shoots and 26.0%, 15.00%, and 40.5%, respectively, in roots,
under Ni stress (Fig. 1). All the treated samples had a sig-
nificance value of P < 0.05 compared to the controls.
3.4. Lipid peroxidation levels, lipoxygenase enzyme activity,
and proline content
Oxidative stress can be induced by Ni stress, and MDA levels
are considered as indices of oxidative stress. MDA content in
shoots and roots of finger millet treated with Ni was increased
by 135.0% and 237.0% compared to the controls. Application
of SA, SNP, and specifically, SA + SNP substantially reduced
the MDA content by 43.1%, 33.3%, and 51.0%, respectively,
in shoots, and by 44.3%, 38.8%, and 50.1%, respectively, inl content (mg 100 g−1 DW) in finger millet shoots and roots
Root
tent Mg2+ content Fe2+ content Zn2+ content
1 ab 129.43 ± 0.77 b 3.31 ± 0.11 ab 1.93 ± 0.0 7c
1 ab 132.20 ± 0.35 a 3.28 ± 0.10 b 2.11 ± 0.06 b
3 bc 130.09 ± 0.34 b 3.37 ± 0.23 ab 1.93 ± 0.04 c
7 a 132.47 ± 0.61 a 3.61 ± 0.10 a 2.18 ± 0.05 b
0 e 67.3 ± 0.68 f 1.75 ± 0.14 e 1.00 ± 0.08 e
8 cd 100.11 ± 0.62 d 2.13 ± 0.10 d 1.47 ± 0.12 d
0 de 88.95 ± 0.60 e 2.26 ± 0.17 d 1.22 ± 0.03 e
5 c 110.17 ± 0.68 c 2.68 ± 0.13 c 1.57 ± 0.06 d
tively. Values are mean ± SD of three replicates, and different letters
.05 according to Tukey's test.
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Fig. 1 – Effect of exogenous SA, SNP, and SA + SNP on H2O2
content in shoots and roots of finger millet plants grown
under 0.5 mmol L−1 Ni treatment. Values are means of three
replicates; bars with different lowercase and uppercase
letters indicate significant difference of root and shoot
samples, respectively, at P < 0.05 according to Tukey's test.
6 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xroots, under Ni stress (Fig. 2a). All the treated samples had a
significance value of P < 0.05 compared to the controls.
LOX activity was an indicator of increased oxidative stress
in Ni-treated plant roots and shoots. Interestingly, in shoots
and roots of Ni-treated plants, LOX activity increased by
109.0% and 181.0%. Addition of SA, SNP, and particularly
SA + SNP significantly decreased the LOX activity by 30.62%,
28.40%, and 40.00%, respectively, in shoots and by 24.3%,
18.6%, and 30.0%, respectively, in roots under toxic levels of
Ni (Fig. 2b). All the treated samples had a significance value
of P < 0.05 compared to the controls.
Proline content significantly increased in shoots and roots
in response to Ni stress. Proline levels increased by 100.0%
and 151.0% in shoots and roots of Ni-treated plants compared
to control plants. Proline content was reduced by the appli-
cation of exogenous SA and SNP. In shoots, proline content
was reduced by 32.3% and 29.0% and in roots by 16.2%
and 19.7%, whereas combined application of SA + SNP signif-
icantly reduced proline content in shoots and roots by 43.6%
and 36.1% under Ni stress (Fig. 2c). All the treated samples
had a significance value of P < 0.05 compared to the controls.
3.5. Analysis of antioxidative enzymes
Antioxidative enzymes play a significant role in stress-
tolerant plants. In our experiments, CAT activity was in-
hibited in shoots and roots by 34.1% and 43.8% compared to
controls when exposed to Ni stress. In Ni-treated plants,
when shoots were supplemented with SA, SNP, and SA + SNP,
CAT activity levels increased in shoots by 24.0%, 10.0%, and
69.0%, respectively, and in roots by 60.0%, 55.8%, and 134.0%,
respectively, under Ni stress (Fig. 3a). All the treated samples
had a significance value of P < 0.05 compared to the controls.
SOD activity of shoots and roots of Ni-treated plants
decreased by 43.1% and 40.3% compared to control plants.Please cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop JournalExogenous supply of SA or SNP improved SOD activity levels
in shoots and roots by 32.0% and 39.0% and by 37.0% and
32.0%, respectively, but supply of both SA + SNP showed a
marked increase in SOD activity in shoots and roots by 51.0%
and 60.0% under Ni stress (Fig. 3b). All the treated samples had
a significance value of P < 0.05 compared to the controls.
The activity of APX decreased by 59.0% in shoots and 40.0%
in roots in the presence of Ni stress compared to the control
plants. Following exogenous application of SA, SNP, the activ-
ity levels of APX increased in shoots by 47.0% and 31.0% and
in roots by 32.0% and 28.0%. SA + SNP application increased
APX activity in shoots by 63.0% and in roots by 46.0%, in
Ni-treated plants (Fig. 3c). All the treated samples had a sig-
nificance value of P < 0.05 compared to the controls.4. Discussion
Phytohormones have been recognized as strong tools for
sustainably alleviating adverse effects of abiotic stress in
crop plants. In particular, the significance of salicylic acid
(SA) has been recognized in improving plant abiotic stress-
tolerance via SA-mediated control of major plant-metabolic
processes. Application of exogenous SA to stressed plants,
either via seed soaking, adding to nutrient solution, irrigat-
ing, or spraying, has been reported to induce major abiotic
stress-tolerance mechanisms. SA influences plant functions
in a dose-dependent manner, whereby induction or inhibi-
tion of plant functions is possible with low and high SA
concentrations, respectively. Besides the concentration of
SA, the duration of treatment, plant species, age, and treated
plant organ can also influence SA effects in plants. Recent
molecular studies have established that SA can regulate many
aspects in plants at gene level and thereby improve plant
abiotic-stress tolerance. SA induces several genes responsible
for encoding proteins including chaperones, heat shock pro-
teins (HSPs), sinapyl alcohol dehydrogenase (SAD), cinnamyl
alcohol dehydrogenase (CAD), and cytochrome P450. SA in-
volvement in mitogen-activated protein kinase (MAPK) regula-
tion and in the expression and activation of non-expressor of
pathogenesis-related genes 1 (NPR1) has been reported.
SNP or nitric oxide (NO) is a small, highly diffusible gas
and is a ubiquitous bioactive molecule. Its chemical proper-
ties make NO a versatile signaling molecule that functions
through the interactions with cellular targets via either redox
or additive chemistry. Many studies have identified NO as a
plant signaling molecule that plays a crucial role in regulating
many key physiological processes in plants. Various mecha-
nisms such as enzymatic and non-enzymatic antioxidant
defense systems contribute to NO-induced increase of abiotic
stress tolerance. NO may be involved in increasing antioxidant
content and antioxidant enzyme activity to scavenge ROS. It
may increase accumulation of risk elements As, Cd, Pb, and
Zn in root cell walls and decrease risk element accumulation
in the soluble cell fraction to maintain cellular redox homeo-
stasis and regulation in the leaves. Finally NO can function as
a signaling molecule for the cascade of events that lead to
changes in gene expression under risk element stress [37].
Exposure of germinating finger millet seedlings to









































   
A
DBC






























Fig. 2 – Effect of exogenous SA, SNP, and SA + SNP on
(a) MDA content, (b) LOX activity, and (c) proline content in
shoots and roots of finger millet plants grown under
0.5 mmol L−1 Ni treatment. Values are means of three
replicates; bars with different lowercase and uppercase
letters indicate significant difference of root and shoot
samples, respectively, at P < 0.05 according to Tukey's test.
7T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xin roots and shoots. Toxic symptoms in plant samples were
observed after five days of Ni treatment. In seedlings treated
with either SA, SNP, or a combination of SA + SNP, root
and shoot length increased to some extent compared to the
controls (without Ni). The signaling molecule SA may be
favorable for inhibiting abiotic stress susceptibility of crops
under specific conditions and also mitigates the damagingPlease cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop Journaleffect of abiotic stress factors in crops. The exogenous ap-
plication of SA helps in conferring abiotic and biotic stress
tolerance of plants. SA treatments showed an enhanced effect
on seed germination process and seedling growth in wheat
seedlings and in rice plants under Pb stress [38]. Presoaking
of maize (Zea mays L.) seeds in SA before germination
significantly decreased the damaging effect of Cd stress on
the photosynthesis process [10]. NO is an essential diffusible
signaling molecule in addition to being a key modulator in
the resistance response in crops against metals such as Ni,
Cu, Cd, and Zn. It also takes part in other physiological
functions, such as germination of seeds, formation of roots,
stomatal closure, and defense [39]. Pretreatment with SNP
in wheat seeds improved germination [40]. In tomato plants,
NO increased the activity of antioxidative enzyme system and
decreased oxidative damage under Ni stress [41].
The Ni concentration in roots and shoots of finger millet
seedlings grown under different concentrations of either SA
or SNP and combination of SA + SNP is shown in Table 2.
In Ni-treated plants, more Ni was accumulated in roots
than shoots. Lower Ni accumulation was observed in shoots
exposed to SA, perhaps owing to translocation or decline in
Ni uptake. There was no reduction in concentration of Ni
when Ni-treated plant roots were exposed to SA. A similar
observation was reported in leaves of Brassica napus L. under
Ni stress, and it was proposed that the translocation of Ni
from root to shoot was reduced by SA [42]. Ni uptake is
mediated by the root system and involves passive diffusion
plus active transport in plants [10]. The high mobility of Ni
leads to its accumulation in freshly developed parts of the
plant under Ni stress. In barley (Hordeum vulgare L.) and maize
more accumulation of Ni in roots than in shoots was reported
[4]. Ni-treated plant roots showed no difference in Ni con-
centration when exposed to SNP, but the content of Ni was
reduced in shoots exposed to SNP. A similar observation
was reported in leaves of B. napus under Ni stress with SNP
treatment, with the authors proposing that SNP decreased
the translocation of Ni from root to shoot [41].
Reduced total chlorophyll content was observed in shoots
under Ni stress, possibly owing to toxic levels of reactive
oxygen species (ROS) in Ni-treated shoots. Recent studies
have found a decrease in chlorophyll content under Ni stress
[10,13,and 42]. Toxic levels of Ni damaged photosynthetic
activity by decreasing chloroplast pigments. Chlorosis is the
regular manifestation of a noxious level of heavy metals that
include Ni, which causes an inhibition of chlorophyll synthe-
sis due to a deficiency of Fe2+ and Mg2+ under Ni stress [10].
The activities of cellular components were hindered by
Ni toxicity, leading to the alteration of normal metabolism.
In response to Ni toxicity, displacement or blocking of essen-
tial components in biomolecules and modification of proteins
will occur [4]. In plants, SA potentially generates metabolic
responses and will also affect photosynthetic parameters.
Pretreatment of wheat seedlings with a 1–3 mmol L−1 con-
centration of SA led to a significant increase in pigment
content [14]. Similarly, foliar application of 1 × 10−5 mol L−1
SA increased the pigments in Brassica napus and Brassica juncea
[17,41], whereas 1 × 10−2 mol L−1 SA concentration was
proved to have a inhibitory effect on pigment synthesis.
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Fig. 3 – Effect of exogenous SA, SNP, and SA + SNP on (a) CAT
activity, (b) SOD activity, and (c) APX activity in shoots and
roots of finger millet plants grown under 0.5 mmol L−1 Ni
treatment. Values are means of three replicates; bars with
different lowercase and uppercase letters indicate significant
difference of root and shoot samples, respectively, at P < 0.05
according to Tukey's test.
8 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xpretreated with SA [43]. In the present study, we observed that
exogenous application of SNP alleviated the reduction in
chlorophyll content in shoots under Ni stress. Sunflower
seeds are pretreated extrinsically with SNP, which helps to
protect sunflower leaves against Cd toxicity [44]. The same
protective effect against As stress in tall fescue leaves was
reported [23]. The combined effect of SA + SNP shows
increased chlorophyll content compared to the Ni-treatedPlease cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop Journalplants. A similar result was reported in B. napus leaves under
Ni stress and in cotton seedlings under NaCl stress [41,45].
During the present study, a reduction in levels of dry mass
in roots and shoots was observed under exposure to Ni alone.
Toxic levels of Ni cause an alteration in metabolic processes
of plants that leads to reduced chlorophyll content. Reduced
chlorophyll content decreases the rate of photosynthesis
and reduces the buildup of organic substances and dry mass
production. In the presence of SA or SNP or a combination
of SA + SNP, dry mass of the roots and shoots in Ni-treated
plants apparently increased.
In plants, ROS produced during metabolic processes is the
main reason for oxidative stress. Increased LOX activity, MDA,
O2•− and H2O2 levels were observed in finger millet shoots and
roots under Ni stress in the absence of SA and SNP. Enhanced
levels of LOX activity, overproduction of ROS such as H2O2,
hydroxyl radical (OH−) and superoxide anion (O2•−), lead to lipid
peroxidation under Ni toxicity, causing oxidative stress and
damage to biomolecules such as carbohydrates, proteins, and
lipids present in membranes and DNA. Heavy metals includ-
ing Ni first alter plasma membrane fluidity and the confor-
mation of bound enzymes in plants, given that the plasma
membrane is the first functional part that comes into contact
with the toxic metals [4]. A change in lipid composition of rice
plants was observed in response to Cd and Ni, and increased
lipid peroxidation was observed in Amaranthus paniculatus
[46,47]. In wheat seedlings, a high level of lipid peroxidation
was reported in shoots under Ni stress [24]. This result
may have been due to increased LOX activity in response
to Ni, leading to reduction in linolenic acid (C18:3, α-LA) con-
tent and thus altering total cellular fatty acid composition.
Increased LOX activity was observed in rice leaves under Pb
and Hg stress, which was diminished by exogenous SA [19].
In Nasturtium officinale, increased LOX activity was inhibited
by exogenous SNP under As stress [48]. In our earlier study,
we observed increased LOX activity and lipid peroxidation
levels in two-day-old finger millet plants exposed to drought
stress [49]. Increased levels of lipid peroxidation and H2O2
content were observed in B. juncea and rice seedlings under
Ni and Cd stress and application of SA and SNP relieved it
[20,50]. The exogenous SA, besides significantly enhancing
the antioxidative system, takes part in systemic acquired
resistance and stress tolerance in plants [17]. Applying SNP
extrinsically ameliorated oxidative stress in wheat roots,
Lipinus luteus, rice seedlings, M. truncatula roots, and B. juncea
under Cd toxicity [39]. Exogenous application of either SA
or SNP reduced LOX activity and H2O2 and MDA levels, but
the combination of SA + SNP led to a significant reduction
in oxidative damage and had a protective effect against Ni
toxicity in B. napus [41].
Enhanced proline content in roots and shoots may cause
osmoregulation in plants under stress. Proline plays a crucial
part in adjusting osmosis, protecting membrane integrity,
stabilizing enzymes, regulating cytosolic acidity, and free
radical scavenging [51]. In this experiment, proline content
increased in Ni-treated plants compared to the controls. The
accumulation of proline in roots and shoots decreased the
fresh mass through osmotic stress in plants. The highest
level of proline accumulation was reported in Vigna radiata
and Catharanthus roseus under Ni stress [52,53]. Proline contentkel toxicity in finger millet (Eleusine coracana L.) germinating
(2016), http://dx.doi.org/10.1016/j.cj.2016.09.002
9T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X Xwas reduced in C. roseus plants by SA under Ni stress. In
N. officinale, proline content decreased under As stress [48,53].
Reduced proline content levels due to exogenous application
of either SA or SNP or the combination of SA + SNP was
reported in B. napus leaves [41].
Excessive exposure of plants to heavy metals reduces
macro- and micronutrient concentration in plants. A required
level of Ni along with other nutrients is necessary for plant
growth and development. Ni shows characteristics similar
to those of Mg2+, Fe2+, and Zn2+, as it has the same ionic
charge [41]. In previous studies, reduced levels of Mg2+, Fe2+
and Zn2+ were observed in shoots and roots, disturbing the
intracellular homeostasis of ions and exerting a lethal effect
on plants [54]. Lower uptake of Fe2+ and Mg2+ concentrations
in shoots causes diminished chlorophyll synthesis, which
leads to chlorosis under Ni stress; this reduction in the
content of chlorophyll may cause a decline in the dry mass
of shoots. Signaling molecules in plants such as SA and SNP
play a key part in plant growth and in maintaining optimal
mineral nutrition. Marked reduction of Fe2+ concentration
was observed in rye grass (Lolium perenne L.) and cabbage
(B. oleracea L.) under Cd and Ni stress, and in rye grass it
was alleviated by exogenous SA [27,55]. Reduced concentra-
tion of Mg2+ was observed in maize under aluminum stress
[13]. In ryegrass, concentrations of Mg2+, Fe2+, and Zn2+ were
decreased under Cu stress and were increased by the exog-
enous application of SNP [42]. Zn2+ is essential for auxin
(IAA) synthesis in plants; uptake of Zn2+ was promoted by
exogenous SNP, promoting the growth of the plant under Ni
toxicity.
Ni is toxic only at higher concentrations; it will produce
ROS, which can cause damage to biomolecules. Antioxidant
protection mechanisms at a low level bind the formed ROS,
whereas heavy metal stress interrupts the stability between
detoxification and ROS generation. Antioxidative enzymes
such as SOD, APX, and CAT are very important in antioxida-
tive processes for protecting plants from oxidative stress. In
our study, we observed a decrease in antioxidative enzymes
such as SOD, APX, and CAT under 0.5 mmol L−1 Ni concen-
tration in shoot and root samples compared to the controls.
High Ni concentrations in plant tissues lead to decrease in
the concentration of Mg2+, Fe2+, and Zn2+; the decline in
antioxidative enzyme processes in finger millet shoot and
roots may stem from the deficiency of Fe2+ for the biosynthe-
sis of metalloenzymes [41]. Reduction in SOD, CAT, and APX
activities could be a reason for the enrichment of O2•− and H2O2
levels in roots and shoots of finger millet. Many authors have
reported reduced activities of antioxidative enzymes under
metal stress, such as SOD and CAT in wheat shoots under
Ni stress [13], CAT and APX in B. napus leaves under Ni stress
[41], SOD and CAT in B. juncea under Ni stress [50], and SOD
and CAT in N. officinale W.T. under high levels of As [48].
In plants, exogenous application of SA at suitable concen-
trations improves the efficiency of antioxidant systems. In
finger millet shoots and roots, the exogenous application of
SA to a nutrient medium alleviated the effect of Ni stress, and
the activity of CAT, SOD, and APX was enhanced under stress.
In the presence of SA, uptake of Fe2+ was improved, and SA
can also raise CAT, SOD, and APX activity. This result shows
the ameliorating effect of SA against heavy metal toxicity andPlease cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop Journaloxidative damage. The ameliorating effect of exogenous SA
on the antioxidative system has been reported in different
plants under metal stress. Improved activities of CAT, SOD,
and POD in ryegrass under Cd toxicity, CAT, GPX, and APX
in B. napus under Ni stress, CAT, SOD, and POX in B. juncea
under Ni- and NaCl-induced toxicity, and SOD, CAT, and POX
in B. juncea under different levels of manganese have been
reported [14,41,50,56]. The exogenous application of SNP
alleviates stress in plants; pretreatment with SNP increased
enzymes for scavenging ROS and improves tolerance against
metal stress. NO interacts with elevated levels of ROS in dif-
ferent ways undermetal stress and acts as a signalingmolecule
and antioxidant, thereby initiating changes in gene expression
in plants [23]. In our study, application of SNP increased the
antioxidative system (CAT, SOD, and APX) under Ni stress. The
antioxidative enzyme expression induced by NO comprises
CAT, SOD, and APX. Increase in activities of various antioxidant
enzymes under different metal stresses has been reported in
various plants [27,41,42,48].
In the present study, application of SA and SNP proved to
provide tolerance to Ni stress in plants by increasing enzyme
activity. The antioxidant system is one of the important
defense mechanisms of plants, through which plants perform
normally under different environmental conditions by scav-
enging ROS. Therefore, we may say that SA and SNP supple-
mentation could mitigate the damage caused by Ni stress
and adjust the plant metabolism to perform normally.5. Conclusions
This study revealed that the exogenous application of SA and
SNP separately or together can alleviate Ni stress in shoots
and roots of finger millet seedlings. Treatment with Ni alone
inhibited the growth of the plant, reduced the dry mass
(caused by inhibition of chlorophyll synthesis) and decreased
the mineral content. Activity of antioxidative enzymes such
as CAT, SOD, and APX increased oxidative stress by increasing
the levels of proline, MDA, H2O2, and LOX, and the O2•−
generation rate leading to membrane damage. SA and SNP
provided resistance against Ni stress and also had an
ameliorating effect on Ni-treated finger millet shoots and
roots. The combined effect of SA and SNP on easing the Ni
stress was greater than that of either SA or SNP alone.
Combined application of SA and SNP increased Ni tolerance
in finger millet shoots and roots by increasing the chlorophyll
content and rate of photosynthesis, inhibited Ni transport
from roots to shoots, increased the uptake of mineral content,
and enhanced the activity of antioxidant enzymes against
Ni-induced stress. These findings may have a latent benefit in
reducing the contamination caused by heavy metals, besides
expanding crop production.Acknowledgments
The authors thank the Department of Biotechnology (DBT),
New Delhi, India, for financial support (No. BT/PR10858/AGR/
02/682/2008) and to the Centre for Bioinformatics, Pondicherry
University for providing basic lab facilities.kel toxicity in finger millet (Eleusine coracana L.) germinating
(2016), http://dx.doi.org/10.1016/j.cj.2016.09.002
10 T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X XAppendix A. Supplementary data
Supplementary data for this article can be found online at
http://dx.doi.org/10.1016/j.cj.2016.09.002.R E F E R E N C E S
[1] E. Abolghassem, Y. Ding, F. Mokhberdoran, Y. Xie, Heavy
metal stress and some mechanisms of plant defense
response, Sci. World J. 2015 (2015) 756120.
[2] P.C. Nagajyoti, K.D. Lee, T.V.M. Sreekanth, Heavy metals,
occurrence and toxicity for plants: a review, Environ. Chem.
Lett. 8 (2010) 199–216.
[3] R. Solanki, R. Dhankhar, Biochemical changes and adaptive
strategies of plants under heavy metal stress, Biologia 66
(2011) 195–204.
[4] M. Yusuf, Q. Fariduddin, S. Hayat, A. Ahmad, Nickel: an
overview of uptake, essentiality and toxicity in plants, Bull.
Environ. Contam. Toxicol. 86 (2011) 1–17.
[5] P.H. Brown, R.M. Welch, E.E. Cary, Nickel: a micronutrient
essential for higher plants, Plant Physiol. 85 (1987) 801–803.
[6] M.S. Aqeel Ahmad, M. Ashraf, Essential roles and hazardous
effects of nickel in plants, Rev. Environ. Contam. Toxicol.
2014 (2011) 125–167.
[7] J. Polacco, P. Mazzafera, T. Tezotto, Opinion-nickel and
urease in plants: still many knowledge gaps, Plant Sci. 199
(2013) 79–90.
[8] M.A. López, S. Magnitski, Nickel: the last of the essential
micronutrients, Agronomía Colombiana 29 (2011) 49–56.
[9] T.V.M. Sreekanth, P.C. Nagajyothi, K.D. Lee, T.N.V.K.V. Prasad,
Occurrence, physiological responses and toxicity of nickel in
plants, Int. J. Environ. Sci. Technol. 10 (2013) 1129–1140.
[10] I. Seregin, A. Kozhevnikova, Physiological role of nickel and
its toxic effects on higher plants, Russ. J. Plant Physiol. 53
(2006) 257–277.
[11] S. Malar, S.S. Vikram, P.J.C. Favas, V. Perumal, Lead heavy
metal toxicity induced changes on growth and antioxidative
enzymes level in water hyacinths [Eichhornia crassipes (Mart.)],
Bot. Stud. 57 (2014) 1–11.
[12] N. Pandey, G.K. Singh, Studies on antioxidative enzymes
induced by cadmium in pea plants (Pisum sativum), J. Environ.
Biol. 33 (2012) 201–206.
[13] E. Gajewska, M. Skłodowska, M. Słaba, J. Mazur, Effect of
nickel on antioxidative enzyme activities, proline and
chlorophyll contents in wheat shoots, Biol. Plant. 50 (2006)
653–659.
[14] E. Horváth, G. Szalai, T. Janda, Induction of abiotic stress
tolerance by salicylic acid signaling, J. Plant Growth Regul. 26
(2007) 290–300.
[15] M. Iqbal, R. Khan, M. Fatma, T.S. Per, N.A. Anjum, N.A. Khan,
Salicylic acid-induced abiotic stress tolerance and underlying
mechanisms in plants, Front. Plant Sci. 6 (2015) 462–478.
[16] F. Shakirova, Role of Hormonal System in the Manifestation
of Growth Promoting and Antistress Action of Salicylic Acid,
in: S. Hayat, A. Ahmad (Eds.), Salicylic acid: A Plant Hormone,
Springer Netherlands, Dordrecht 2007, pp. 69–89.
[17] Q. Hayat, S. Hayat, M. Irfan, A. Ahmad, Effect of exogenous
salicylic acid under changing environment: a review,
Environ. Exp. Bot. 68 (2010) 14–25.
[18] P. Ahmad, G. Nabi, M. Ashraf, Cadmium-induced oxidative
damage inmustard [Brassica juncea (L.) Czern. & Coss.] plants can
be alleviated by salicylic acid, South Afr. J. Bot. 77 (2011) 36–44.
[19] A. Mishra, M. Choudhuri, Effects of salicylic acid on heavy
metal-induced membrane deterioration mediated by
lipoxygenase in rice, Biol. Plant. 42 (1999) 409–415.Please cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop Journal[20] P. Singh, K. Shah, Evidences for reduced metal-uptake and
membrane injury upon application of nitric oxide donor in
cadmium stressed rice seedlings, Plant Physiol. Biochem. 83
(2014) 180–184.
[21] Q.H. Wang, X. Liang, Y.J. Dong, L.L. Xu, X.W. Zhang, J. Hou,
Z.Y. Fan, Effects of exogenous nitric oxide on cadmium
toxicity, element contents and antioxidative system in
perennial ryegrass, Plant Growth Regul. 69 (2013) 11–20.
[22] A. Lopez-Carrion, R. Castellano, M. Rosales, J. Ruiz, L. Romero,
Role of nitric oxide under saline stress: implications on
proline metabolism, Biol. Plant. 52 (2008) 587–591.
[23] I. Saxena, G. Shekhawat, Nitric oxide (NO) in alleviation of
heavy metal induced phytotoxicity and its role in protein
nitration, Nitric Oxide 32 (2013) 13–20.
[24] E. Gajewska, E. Niewiadomska, K. Tokarz, M. Slaba, M.
Sklodowska, Nickel-induced changes in carbon metabolism
in wheat shoots, J. Plant Physiol. 170 (2013) 369–377.
[25] D.R. Hoagland, D.I. Arnon, The Water-Culture Method for
Growing Plants without Soil, California Agricultural
Experiment Station Circular 347, The College of Agriculture
University of California, Berkeley, 1950.
[26] D.I. Arnon, Copper enzymes in isolated chloroplasts.
Polyphenoloxidase in Beta vulgaris, Plant Physiol. 24 (1949)
1–15.
[27] L.L. Xu, Y.J. Dong, J. Kong, S. Liu, Effects of root and foliar
applications of exogenous NO on alleviating cadmium
toxicity in lettuce seedlings, Plant Growth Regul. 72 (2014)
39–50.
[28] L. Bates, R. Waldren, I. Teare, Rapid determination of free
proline for water-stress studies, Plant Soil 39 (1973) 205–207.
[29] P. Reddanna, J. Whelan, K.R. Maddipati, C.C. Reddy,
Purification of arachidonate 5-lipoxygenase from potato
tubers, Methods Enzymol. 187 (1990) 268–277.
[30] R.L. Heath, L. Packer, Photoperoxidation in isolated
chloroplasts. I. Kinetics and stoichiometry of fatty acid
peroxidation, Arch. Biochem. Biophys. 125 (1968) 189–198.
[31] V. Velikova, I. Yordanov, A. Edreva, Oxidative stress and
some antioxidant systems in acid rain-treated bean plants:
protective role of exogenous polyamines, Plant Sci. 151 (2000)
59–66.
[32] M.M. Bradford, A rapid and sensitive method for the
quantitation of microgram quantities of protein utilizing the
principle of protein–dye binding, Anal. Biochem. 72 (1976)
248–254.
[33] I. Cakmak, H. Marschner, Magnesium deficiency and high
light intensity enhance activities of superoxide dismutase,
ascorbate peroxidase, and glutathione reductase in bean
leaves, Plant Physiol. 98 (1992) 1222–1227.
[34] Y. Nakano, K. Asada, Hydrogen peroxide is scavenged by
ascorbate-specific peroxidase in spinach chloroplasts, Plant
Cell Physiol. 22 (1981) 867–880.
[35] C. Beauchamp, I. I. Fridovich, Superoxide dismutase:
improved assays and an assay applicable to acrylamide gels,
Anal. Biochem. 44 (1971) 276–287.
[36] S. Sagner, R. Kneer, G. Wanner, J.P. Cosson, B. Deus-Neumann,
M.H. Zenk, Hyperaccumulation, complexation and distribution
of nickel in Sebertia acuminata,
Phytochemistry 47 (1998) 339–347.
[37] D. Procházková, D. Haisel, D. Pavlíková, R. Schnablová, J.
Száková, R. Vytášek, N. Wilhelmová, The effect of risk
elements in soil to nitric oxide metabolism in tobacco plants,
Plant Soil Environ. 58 (2012) 435–440.
[38] J. Chen, C. Zhu, L.P. Li, Z.Y. Sun, X.B. Pan, Effects of exogenous
salicylic acid on growth and H2O2-metabolizing enzymes in
rice seedlings under lead stress, J. Environ. Stress 19 (2007)
44–49.
[39] H.Y. He, L.F. He, M.H. Gu, The diversity of nitric oxide function
in plant responses to metal stress, Biometals 27 (2014)
219–228.kel toxicity in finger millet (Eleusine coracana L.) germinating
(2016), http://dx.doi.org/10.1016/j.cj.2016.09.002
11T H E C R O P J O U R N A L X X ( 2 0 1 6 ) X X X – X X X[40] H. Zhang, W.B. Shen, L.L. Xu, Effect of nitric oxide on the
germination of wheat seeds and its reactive oxygen species
metabolisms under osmotic stress, Acta Bot. Sin. 45 (2003)
901–905.
[41] N. Kazemi, R.A. Khavari-Nejad, H. Fahimi, S. Saadatmand, T.
Nejad-Sattari, Effects of exogenous salicylic acid and nitric
oxide on lipid peroxidation and antioxidant enzyme
activities in leaves of Brassica napus L. under nickel stress, Sci.
Hortic. 126 (2010) 402–407.
[42] Y.J. Dong, L.L. Xu, Q.H. Wang, Z.Y. Fan, J. Kong, X.Y. Bai,
Effects of exogenous nitric oxide on photosynthesis,
antioxidative ability, and mineral element contents of
perennial ryegrass under copper stress, J. Plant Interact. 9 (2014)
402–411.
[43] T. Pancheva, L. Popova, A. Uzunova, Effects of salicylic acid
on growth and photosynthesis in barley plants, J. Plant
Physiol. 149 (1996) 57–63.
[44] M. Rodríguez-Serrano, M.C. Romero-Puertas, D.M. Pazmiño,
P.S. Testillano, M.C. Risueño, A. Luis, L. Sandalio, Cellular
response of pea plants to cadmium toxicity: cross talk
between reactive oxygen species, nitric oxide, and calcium,
Plant Physiol. 150 (2009) 229–243.
[45] S. Liu, Y.J. Dong, L.L. Xu, J. Kong, Effects of foliar applications
of nitric oxide and salicylic acid on salt-induced changes in
photosynthesis and antioxidative metabolism of cotton
seedlings, Plant Growth Regul. 73 (2014) 67–78.
[46] R. Ros, A. Morales, J. Segura, I. Picazo, In vivo and in vitro
effects of nickel and cadmium on the plasmalemma ATPase
from rice (Oryza sativa L.) shoots and roots, Plant Sci. 83 (1992)
1–6.
[47] F. Pietrini, V. Iori, A. Cheremisina, N.I. Shevyakova, N.
Radyukina, V.V. Kuznetsov, M. Zacchini, Evaluation of nickel
tolerance in Amaranthus paniculatus L. plants by measuring
photosynthesis, oxidative status, antioxidative response and
metal-binding molecule content, Environ. Sci. Pollut. Res. Int.
22 (2015) 482–494.
[48] S. Namdjoyan, H. Kermanian, Exogenous nitric oxide (as
sodium nitroprusside) ameliorates arsenic-induced oxidativePlease cite this article as: K.V. Kotapati, et al., Alleviation of nic
seedlings by exogenous application of salicylic..., The Crop Journalstress in watercress (Nasturtium officinale R. Br.) plants, Sci.
Hortic. 161 (2013) 350–356.
[49] K.V. Kotapati, B.K. Palaka, A. Kandukuri, R.R. Pamuru, A.
Dinakara, D.R. Ampasala, Response of antioxidative enzymes
and lipoxygenase to drought stress in finger millet leaves
(Eleusine coracana (L.) Gaertn), Int. J. Plant Anim. Eniviron. Sci.
4 (2014) 644–653.
[50] M. Yusuf, Q. Fariduddin, P. Varshney, A. Ahmad,
Salicylic acid minimizes nickel and/or salinity-induced
toxicity in Indian mustard (Brassica juncea) through an
improved antioxidant system, Environ. Sci. Pollut.
Res. Int. 19 (2012) 8–18.
[51] M. Idrees, M. Naeem, M.N. Khan, T. Aftab, M. Khan, M.
Moinuddin, Alleviation of salt stress in lemongrass by
salicylic acid, Protoplasma 249 (2012) 709–720.
[52] M. Yusuf, Q. Fariduddin, I. Ahmad, A. Ahmad,
Brassinosteroid-mediated evaluation of antioxidant system
and nitrogen metabolism in two contrasting cultivars of
Vigna radiata under different levels of nickel, Physiol. Mol.
Biol. Plants 20 (2014) 449–460.
[53] M. Idrees, M. Naeem, T. Aftab, M.M.A. Khan, Moinuddin,
Salicylic acid restrains nickel toxicity, improves antioxidant
defence system and enhances the production of anticancer
alkaloids in Catharanthus roseus (L.), J. Hazard. Mater. 252
(2013) 367–374.
[54] G. Palacios, I. Gómez, A. Carbonell-Barrachina, J. Navarro
Pedreño, J. Mataix, Effect of nickel concentration on tomato
plant nutrition and dry matter yield, J. Plant Nutr. 21 (1998)
2179–2191.
[55] N. Pandey, C.P. Sharma, Effect of heavy metals Co2+, Ni2+ and
Cd2+ on growth and metabolism of cabbage, Plant Sci. 163
(2002) 753–758.
[56] A. Parashar, M. Yusuf, Q. Fariduddin, A. Ahmad, Salicylic acid
enhances antioxidant system in Brassica juncea grown under
different levels of manganese, Int. J. Biol. Macromol. 70 (2014)
551–558.kel toxicity in finger millet (Eleusine coracana L.) germinating
(2016), http://dx.doi.org/10.1016/j.cj.2016.09.002
